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A MACHINE FOR IMPACT AND SUSTAINED 
EOADE Els OF CONCRETE 

BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 

Reported by L. W. TELLER, Senior Engineer of Tests, and JAMES A. BUCHANAN, Associate Engineer of Tests 

NE of the fields of research in which the Bureau of 
Public Roads has been engaged for a number of 
years is that concerned with the structural action 

road surfaces. The development of a knowledge of the 
forces to which road surfaces are subjected and of the 
manner in which pavements react to those forces are 
the two major objectives in this research. 

An essential part of this general investigation has 
been a study of the forces to which road surfaces are 
subjected by vehicle wheels. ‘These forces may be of a 
sustained nature if the vehicle is stationary; they may 
be of a transient nature if the vehicle is rolling smoothly 
over the pavement; or they may occur quite suddenly 
where irregularities in the surface contour of the road 
induce impact reactions. 

Load limitations imposed by law, and data on actual 
vehicle weights obtained in numerous traffic surveys, 
indicate the order of magnitude of the forces to which 
pavements are likely to be subjected by the wheels of 
static or slowly moving vehicles. The extensive studies 
of motor-vehicle impact phenomena made in this 
country have developed quite definite knowledge of the 
reactions to be expected under various conditions and 
of the influence of each of the major factors that 
determine the magnitude.' More recently work along 
similar lines has been conducted in England and the 
published data from these researches’? are in general 
accord with those obtained in the studies mentioned 
above. 

It can be said, therefore, that so far as the structural 
action of pavements is concerned, there exists a fairly 
adequate knowledge of the forces which may be expected 
from the wheels of present-day vehicles. 

Of equal importance is the development of a knowl- 
edge of the effects of these forces on pavement structures 
of various types. Both theoretical analyses * and ex- 
perimental researches * have furnished a considerable 
amount of fundamental information concerning the 
effects of static or slowly applied forces on pavements 
of the rigid type, out of which there is evolving a better 
understanding of the principles of design for such 
pavements for loads of this nature. When, however, 
the effects of suddenly applied forces (such as impact 
reactions) are considered, the information available is 

1 The Motor Truck Impact Tests of the Bureau of Public Roads, by Earl B. Smith, 
Pusuic Roaps, vol. 3, No. 35, March 1921. 
Motor Truck Impact as Afiected by Tires, Other Truck Factors and Road Rough- 

ness, by James A. Buchanan and J. W. Reid, PuBLic RoADs, vol. 7, No. 4, June 1926. 
Motor Truck Impact as Affected by Rubber Tread Thickness of Tires, by James 

A. Buchanan, PuBLic RoaADs, vol. 11, No. 7, September 1930. 
Road Impact Produced by a Heavy Motor Bus, by James A. Buchanan, PUBLIC 

Roaps, vol. 18, No. 9, November 1932. 

2Impact of Wheels on Roads, by Aughtie, Batson, and Brown. 
Institution of Civil Engineers (Br.), vol. 237, Session 1933-34, part I. 
The British researches are also reported in the Reports of The Ministry of Trans- 

port, Roads Department, beginning with that for the year 1930. 
3 Stresses in Concrete Pavements Computed by Theoretical Analysis, by H. M. 

Westergaard, Pusiic Roaps, vol. 7, No. 2, April 1926; and Analytical Tools for 
Judging Results of Structural Tests of Concrete Pavements, by H. M. Westergaard, 
PuBLic Roaps, vol. 14, No. 10, December 1923. ; 

4 Stress Measurements in Concrete Pavements, by L. W. Teller, Proceedings, Fifth 
Annual Meeting, Highway Research Board, December 3-4, 1925. 
The Six-Wheel Truck and the Pavement, by L. W. Teller, PUBLIC ROADs, vol. 6, 

No. 8, October 1925. 
The Structural Design of Concrete Pavements, by L. W. Teller, and Earl C, 

Sutherland, PusLic Roaps, vol. 16, Nos. 8, 9, and 10, and vol. 17, Nos. 7 and 8. 

28521—37 

Proceedings, 

much less satisfactory. In spite of the attention that 
has been given in recent years to the impact testing of 
materials of all sorts, the fact remains that the under- 
lying principles of stress development under impact are 
not well understood. 

TEST METHOD SHOULD MEET SEVERAL REQUIREMENTS 

It is generally agreed that static and impact forces 
may differ in their effects and it is believed that the 
degree of difference depends upon the time rate of 
deformation in the material being stressed, and prob- 
ably upon other factors. However, the extent to 
which the various phenomena apply in the case of 
motor-vehicle impact has not been known. 

The approach to a study of the effects of impact 
forces on rigid pavements is somewhat simplified by 
two facts: First, portland cement concrete is the prin- 
cipal material to be considered; and second, the total 
elapsed time of the impact reaction varies from about 
0.05 to 0.15 second, which is neither very short nor is 
the range great as compared with those encountered in 
other fields. ‘The absolute maximum force developed 
during any impact reaction is, of course, instantaneous. 

As a first step in its program of research on this par- 
ticular subject the Bureau of Public Roads undertook 
a thorough study, under controlled conditions in the 
laboratory, of the behavior of large-size flexure speci- 
mens of concrete when subjected to sustained and to 
impact forces of comparable magnitudes. This work 
has now been in progress for about 2 years and many 
tests have shown the method of test and the testing 
equipment to be quite satisfactory. It is the purpose 
of this paper to outline the method of test that was 
adopted and to describe the testing machine that was 
designed and built for this purpose, a machine that is 
unique in several respects. The presentation of the 
results of the tests that are being made will be left to 
a subsequent discussion. 

Since the object of the study was to determine the 
relative effects of sustained and impact forces on the 
flexural behavior of concrete, the selection of a method 
of test and the design of the testing machine were guided 
by the following basic requirements: 

1. It should be possible to apply both sustained and 
impact forces of known magnitudes to a specimen in 
such a manner that the only variable present would be 
the duration of the applied force. 

2. The specimens should be flexure specimens of 
portland cement concrete. 

3. The magnitude of the forces, the duration of the 
forces, the masses involved in the impact, the flexing 
of the concrete and other conditions surrounding the 
test, should not depart too widely from conditions that 
obtain when a pavement slab sustains a wheel load. 

4. The testing machine must be of a practicable size. 
5. The force system should be determinate. 
A consideration of these requirements led to the 

adoption of the method of test shown schematically in 

185 



186 POST CyROADS Vol. 18, No. 10 

figure 1. A compound pendulum, carrying a vehicle 
wheel at its center of percussion, is used to apply hori- 
zontal forces to a test specimen that is arranged as a 
vertical cantilever. Impact forces are developed by 
swinging the pendulum, and sustained forces are de- 
veloped by exerting a pull on the axle of the wheel on 
the pendulum. 

It is readily apparent that this arrangement can, by 
proper design, be made to satisfy the basic requirements 
stated above. Either sustained or impact forces can be 
applied to the specimen at the same point and through 
the same contact medium, the tire. The horizontal 
application of forces is advantageous, as the gravita- 
tional effect is eliminated; and, in the case of the impact 
force, a single blow without secondary rebound can be 
applied. The cantilever specimen has definite ad- 
vantages and the use of a beam of varying width gives a 
section that has useful stress variation characteristics 
and simulates to a fair degree the unsupported corner ot 
a pavement slab. The characteristics of the pendulum 
as a dynamic machine can be theoretically established 
and empirically checked. By designing a machine and 
specimen of suitable proportions, the forces and masses 
involved in the test reach satisfactory values. 

AXIS OF 
SUSPENSION 

IMPACT FORCE 

SUSTAINED 
FORCE 

CONCRETE TEST], 
SPECIMEN 

Figure 1.—Scuematic DIAGRAM SHOWING THE PRINCIPLES OF 
THE TEST. 

The design of the test specimens determined the 
arrangement of the testing machine and certain of its 
principal dimensions. It is logical, therefore, to de- 
scribe these specimens before discussing the machine 
itself. 

FOUR TYPES OF TIRE SELECTED FOR TESTING IN MACHINE 

The general form of the test specimens is shown in 
figure 2. Except for the thickness of the vertical canti- 
lever the dimensions of all specimens are the same. 
The cantilever beams are 48 inches long, measured from 
the top surface of the heavy integral base to the free end. 
The cantilever portion is 30 inches wide at the base, 5 
inches wide at the top or free end, and of a constant 
thickness. Specimens 4, 6, 8, 10, and 12 inches thick 
have been made. The integral base portion used to 
anchor the test specimen to the floor is 10 inches thick. 
No reinforcing steel has been used in any of the speci- 
mens. 

The center of the area of force application is 40 inches 
above the base, at which point the facial area of the 
beam is sufficient to accommodate the entire area of 
contact for any of the tire and load conditions that it is 
planned to use. 

Figure 2.—CantTILEVER TEstT SpecIMENS. THIS VIEW SHOWS 
THE CONTRAST BETWEEN SPECIMENS 4 AND 12 INcHES THICK 
AND ALSO SHOWS A NUMBER OF DETAILS TO WHICH REFER- 
ENCE Is MapE LATER. 

Because of their direct effect on the design of the ma- 
chine, the probable maximum bending stress and the 
probable deflection of the cantilever at the center of the 
area of force application were calculated for each of the 
five thicknesses of specimen. ‘These calculated values 
for a range of forces are shown in figure 3. The values 
indicate that a maximum force of about 15,000 pounds 
would probably be required, assuming concrete of nor- 
mal strength. A large percentage of the testing, how- 
ever, would involve forces of 6,000 pounds or less. 

The range in forces required for testing the beams 
indicated that appropriate tire equipment would have a 
normal or rated load-carrying capacity of about 2,000 
pounds. In order to make it possible to vary the 
durations of the impact reactions and also the areas of 
contact over which the forces were applied to the test 
specimen, interchangeable tires of the four types com- 
mercially available were chosen. In order that the 
effect of tread design variations might be minimized, 
tires with a uniform tread design were obtained. The 
final selection of actual sizes was made in conformity 
with the recommendations of the Tire and Rim Asso- 
ciation, for truck and bus equipment, in effect at the 
time of purchase and are described as follows: 

Solid—34 by 4 inch, low profile, solid center, capacity 
1,900 pounds. 
Cushion—36 by 5 inch, high profile, hollow center, 

capacity 1,900 pounds. 
Pneumatie—32 by 6 inch, 10 ply, high pressure, 

capacity 1,900 pounds at 78 pounds per square inch 
inflation pr essure. 

Balloon—7.50/20 inch, 8 ply, low pressure, capacity 
1,900 pounds at 49 Rounds per square inch inflation 
pressure. 

The general load deformation characteristics of the 
tires were determined by sustained load tests in which 
the radial deflections were measured and areas of contact 
on a plane surface were obtained. A smooth envelope 
drawn around the tire imprint determined the length, 
width, and gross area of contact. The results of these 
tests are shown in figure 4. The tires were put in a 
“eyclic state” by repeated loadings before obtaining 
the test values for this figure. The inflation pressures 
for the two pneumatic tires were measured with the 
tires free from applied load. 
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1,000 
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BENDING AND SHEARING STRESS- 
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wo fe} fe} 

MAXIMUM DEFLECTION - 

INCHES 

ie) 2 a 6 8 10 l2 14 

APPLIED FORCE - THOUSANDS OF POUNDS 

FigurE 3.—MaxImMuM STRESSES AND DEFLECTIONS OF 
CoNCRETE CANTILEVER TEST SPECIMENS. 

In the case of the impact test by this method the 
effective weight of the pendulum® corresponds to the 
unsprung component of the static wheel load of a 
vehicle. Provided the effective pendulum weight is 
not unduly out of proportion to the unsprung weight 
ordinarily encountered in vehicles equipped with tires of 
1,900 pounds capacity, it is not necessary to restrict the 
pendulum mass to a particular value, so long as this 
mass is sufficient to develop the desired maximum force 
with a reasonable pendulum length and are of swing. 
These requirements led to an early tentative selection 
of an effective weight which was of the order of one 
third of the tire capacity. 

Before proceeding further with the practical aspects 
of the design it is desirable to review briefly the ele- 
mentary theory of the pendulum, as it has a bearing 
upon much of the discussion that follows. 

-MATHEMATICAL RELATIONSHIPS FOR COMPOUND PENDULUM 

OUTLINED 

If a heavy mass could be concentrated at a point and 
suspended by a perfectly flexible and weightless cord it 
would constitute what is known as a simple pendulum. 
When such a pendulum oscillates or swings in a vertical 
plane it behaves according to definite physical laws. 
The velocity, acceleration, kinetic energy, and other 
properties, may be exactly determined. For example, 
the period or time of oscillation of the simple pendulum 
is known to depend upon (1) the length of the pendulum, 
(2) the force of gravity, and (3) the angle of swing 
according to the following relation: 

T= 27 l nu 
Vg sin 0 

T=the time required for one complete oscillation, in 
seconds. 

=the length of the pendulum. 
g=the acceleration of gravity. 
6=the angular displacement from the vertical, in 

radians. 

in which 

It is physically impossible to construct a simple 

_ 5 By effective weight is meant that part of the total pendulum weight which is used 
= calculating the mass effective in developing force against the specimens during 
mpact. 
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Figure 4.—CHARACTERISTICS OF TIRES UNDER SUSTAINED 
LOADS. 

pendulum. Frequently an actual pendulum is built up 
of a number of parts, rigidly connected. Each particle 
of this composite whole, being at a fixed distance from 
the axis of support, tends to oscillate as a simple pen- 
dulum in its own natural period. The rigid connection 
with other particles prevents this, and all of the particles 
that constitute the composite structure are forced to 
oscillate in a common period. Some of the particles 
wil oscillate more rapidly, others more slowly than 
their natural periods would demand. However, there 
will be some whose natural period will be the same as 
that of the composite mass and the distance from the 
axis of support to these particles will be the length of 
the equivalent simple pendulum, that is, the hypo- 
thetical pendulum having the same period of oscillation. 

The point at which the particles in the rigid or com- 
pound pendulum, as it is called, are oscillating in their 
own natural period is known as the center of oscillation 
because it is interchangeable with the center of sus- 
pension without affecting the period of the pendulum. 
An interesting and important property of the pendulum 
is that if it is struck a blow at the center of oscillation, 
normal to the pendulum and in the plane of oscillation, 
rotation will be produced about the axis of suspension 
but the blow will create no force reaction at this axis. 
For this reason the center of oscillation is often referred 
to as the center of percussion. 
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Because a compound pendulum does not conform to 
the defined requirements of a simple pendulum, its 
motion cannot be predicted directly from the laws of 
the simple pendulum. These laws must be modified 
to satisfy both the laws of an oscillating body and those 
of a rotating body. As such, they apply to the equiv- 
alent simple pendulum. It is with a compound pen- 
dulum that the present discussion is concerned and the 
principles of its motion are those to be considered. 

O-CENTER OF SUSPENSION 

A-CENTER OF GRAVITY 

B-CENTER OF OSCILLATION OR PERCUSSION 

x AND @-DISTANCES FROM THE CENTER OF 
" W 

GRAVITY TO'0"AND 'B) RESPECTIVELY 

Z -LENGTH OF EQUIVALENT SIMPLE PENDULUM 

W-WEIGHT OF PENDULUM 

@-ANGLE OF DISPLACEMENT FROM THE VERTICAL 

Fiaure 5.—DIAGRAM OF THE COMPOUND PENDULUM. 

Referring to figure 5, which shows in diagrammatic 
form the essentials of a compound pendulum, it is 
apparent that the position of the center of gravity, A, 
can be determined by taking the moments of the various 
individual masses which go to make up the total weight, 
W, about the center of suspension, O, and dividing 
their summation by this weight 

_=M, 
t—=SW 

The moment of inertia of the pendulum about O, Jj, 
is determined in a similar manner by taking the mo- 
ments of inertia of the individual masses about O, and 
adding them. 

The radius of gyration, k), may be determined from 
the moment of inertia and weight of the pendulum by 
dividing, as follows: Saal 

ny 2h 
ame 1/4 

The distance, /, from the center of suspension, O, to 
the center of oscillation (or percussion), B, may then 
be determined by the following relation 

x 

This, it will be remembered, is the length of the equiv- 

alent simple pendulum, a pendulum having the same 
natural period as the compound pendulum. This 
period, as previously stated, is determined by the formula 

Le ui 
g sin 6 

In connection with the use of this formula the value of 

is of interest. It is shown in table 1 for 
6 

sin 6 
several angles within the range under consideration. 

the term 

TABLE 1.—Values of for several angles 
sin @ 

Value of angle @ 
Me ) ay 0 
Sin é sin 6 sin @ 

Degrees Radians 

02: S05 ee ee BPs emer Cee dL 0. 008727 | 0. 008727 1. 0000 1. 0000 
10 R38 ee ee a eee oe eee . 017453 . 017452 1. 0001 1. 0000 
D0 ee ee Se Se oe ee ee . 034907 . 034900 1, 0002 1. 0001 
eros Sos ee ee 052360 . 052336 1. 0005 1. 0002 
LOO 2 2 Se en ee eee es eee 174533 . 173648 1. 0051 1. 0025 
DOORS SN See se ee ee . 349066 . 342020 1. 0206 1. 0102 
O0CR Soe ew ad ne Sees Se . 523599 . 500000 1. 0472 1, 0233 

CENTER OF PERCUSSION AND CENTER OF FORCE APPLICATION 

MADE TO COINCIDE 

These values indicate that in computing the period 
of oscillation this term may be omitted, if the angle of 
swing is small, for all but the most precise determina- 
tions. 

If the sum of the moments about O is divided by the 
length, /, the resulting value is the weight to be used in 
computing the mass effective at the center of percus- 
sion during impact. This effective weight, converted 
to a mass value, and multiplied by the deceleration ° 
developed when the motion of the pendulum is reversed, 
gives the dynamic force of the reaction. 

The angular velocity, w, of the oscillating pendulum 
may be obtained from its period of oscillation by the 
expression 

Qr g sin 6 
© il eg Oe 

The maximum tangential velocity, v,, of the center of 
percussion (at the bottom of the swing) is 

vV,=w6l 

the value of 6 being expressed in radians. 
The angular acceleration, a, similarly stated, is 

gx sin 0 Eras y sin 6 

k, l 

the tangential acceleration at the center of percussion 
a, being 

a= 

a,=—g sin 6. 

Having decided upon the type and sizes of the test 
specimens, upon the types and sizes of the tires, and 
upon the general order of mass required in the pen- 
dulum, there still remained other and more detailed 
requirements to be considered in the design, for ex- 
ample: 

The center of percussion of the pendulum and the 
center of the area of force application on the specimen 

* Acceleration is defined as the second derivative of the displacement-time rela tion, 
or as the time rate of change of velocity. As such it must be either positive or nega- 
tive. Deceleration is a term frequently employed when referring to a negative or 
retarding acceleration. The instruments used for measuring acceleration, either 
positive or negative, are called accelerometers. 
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FiGuRE 6.—GENERAL VIEW OF THE COMPLETE TESTING MacuINE. 

should coincide. The pendulum length should be 
practicable yet sufficient to develop the desired forces 
with the mass available within a reasonable are of 
swing. The maximum arc was arbitrarily set at 30°. 
Sufficient stiffness should be provided to minimize 
bending and torsional deformation in the pendulum 
proper. 

The center of suspension should be so designed that 
the pendulum would swing true yet with the minimum 
of frictional damping. It should be rigidly supported 
yet adjustably mounted. 

Acceleration of the pendulum mass at the center of 
percussion should be readily measurable. 
Means should be provided for easily applying and 

accurately measuring sustained forces on the test 
specimens. Conversion from one method of force ap- 
plication to the other should be possible in a minimum 
of elapsed time. 

Wheel and tire assemblies should be readily inter- 
changeable, yet should be securely mounted in the 
pendulum. The range in tire diameters likely to be 
used would be 30 to 42 inches and the maximum sec- 
tional width of tire about 10 inches. 

A positive pendulum release mechanism is necessary 
to permit exact duplication in the dynamic tests. An 
automatic rebound catch should be provided to permit 
single applications of dynamic force. Safeguards are 
necessary to prevent the accidental release of the 
pendulum. 

The concrete cantilever beams should be conven- 
iently placed and securely mounted in the testing 
apparatus. Access to all parts of the test specimen 
must be provided for strain and deflection measure- 
ments. 

THE TESTING MACHINE DESCRIBED 

The testing machine that was designed to meet the 
various requirements that have been described is shown 
in figure 6. 

The pendulum element proper consists of two 10- 
inch aluminum alloy channel members arranged back 
to back and separated 11% inches by four box-type 
stiffening diaphragms. The striking wheel is mounted 
at the center of percussion. Each of the four wheels 
is fitted with a special hub designed to receive steel 
centering cones through which passes a 2-inch diameter 
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Figure 7.—THE PENDULUM RELEASE MecuanismM. NOTE THE 
Resounp CatcH ENGAGED WITH THE Rack, UNDER TH 
CENTER OF THE PENDULUM. 

steel shaft. Nuts on the ends of this shaft clamp the 
wheel assembly securely to the channel members. 

At the upper end of the pendulum element is the axis ot 
suspension or pivot. This consists of a steel shaft 11% 
inches in diameter, which oscillates in two annular ball 
bearings. 

The aluminum channel members are reinforced with 
steel plates at the points where the wheel and pivot 
shafts pass through them. One of these plates at each 
side of the wheel mounting is extended to serve as a 
support for one of the two accelerometers used in de- 
termining the impact forces. The length of the pen- 
dulum between the center of the pivot shaft and that 
of the striking wheel shaft is 100.00 inches. 

The pivot bearings are carried in a heavy casting 
which is supported at the top of a pyramidal, structural 
steel frame or tower. The mounting permits adjust- 
ment of the pendulum to swing in a vertical plane 
properly oriented with respect to the test specimen and 
also permits a horizontal adjustment of the pivot in 
this plane of more than 6 inches. This traversing of the 
pivot is accomplished by the hand-wheel near the top 
of the tower (fig. 6) and the adjustment is made to 
compensate for differences in the radu of the several 
tires. After adjustment, the pivot casting is rigidly 
clamped to the tower by means of heavy bolts. 

A rebound catch is mounted at the center of the lower 
end of the pendulum element. It consists of a pawl or 
detent mechanism which is automatically released dur- 
ing the impact. During rebound this pawl slides over 
the teeth of the large curved rack arranged along the 
arc of swing (see fig. 6) and engages at the end of swing, 
thus preventing a second or rebound blow from being 
struck. The large rack is independently supported on 
a heavy concrete pedestal and, since its position with 
respect to the axis of suspension must always be the 
same, it also is fitted with adjustments that allow this 
relation to be maintained whenever the pendulum pivot 
is moved. 

In order to release the pendulum and allow it to swing 
through any desired angle (up to the 30° limit previously 
mentioned), a trip mechanism was designed that would 
free it suddenly, positively, and without imparting any 
tangential force. This mechanism, shown in figure 7, 
is adjustably mounted on the rack and can be locked 
at any desired point. A hook or catch on the back of 
the pendulum engages a similar element in the release 
device until freed by operation of the trigger lever. A 
pin lock prevents accidental operation of the release. 

In order to make the wheel and tire assemblies 

dynamically interchangeable, the weights of these 
assemblies were adjusted to a common value by filling 
portions of the hollow steel wheels with lead. This 
additional weight was so distributed as to produce the 
least possible effect on the moment of inertia. The 
striking mass of the pendulum is thus the same regard- 
less of the wheel and tire assembly used. The unavoid- 
able variation in the moment of inertia of the wheel 
and tire assemblies produces a variation in the location 
of the center of percussion within the limits of 0.2 inch 
above to 0.3 inch below the center of the area of impact 
force application. The horizontal forces developed at 
the axis of suspension by this lack of complete coinci- 
dence are so small as to be without significance. 

Each component part of the pendulum assembly 
when completed was carefully measured and weighed 
by two observers. From these data, the distance from 
the axis of suspension to the center of gravity of the 
part, the mass moment, and moment of inertia of the 
part about this axis, were computed. The observed 
weights, measured distances, and computed moments 
for all of the individual elements of the pendulum 
assembly are shown in table 2. 

Taste 2.—Properties of the pendulum elements 

Distance 
from Se pocane of ees 

oe of gravity o element 
Element Weight | ‘giement to | about axis of sgerent - 

axis of suspension suspension 
suspension 

Pounds Inches Pound-inches |Pownd-inches 2 
Aluminum side channels_--_-_- 186. 43 61. 29 11, 426 956, 596 
Pivot shaft, nuts, washers_-_- 15. 40 . 00 0 8 
Pivot plates, bolts, ete_----_- 37.30 wld 5 397 
Upper aluminum diaphragm, 

Dollis; evel =) oe eee 15,12 8. 00 121 1,179 
Intermediate aluminum dia- 
phragm, bolts, etc___--____- 14. 94 42. 00 627 26, 562 

Lower aluminum diaphragm, 
DOLtS ;ebGi= 5 === ee eee 15. 03 76. 00 1, 142 87, 023 

Bottom cast-iron diaphragm, 
DISTOSNSCROWS 22 see eee 62.13 123. 89 7, 697 954, 157 

Wheel shaft plates, bolts, ete_ 31. 60 100. 00 3, 160 316, 429 
Wheel shaft, cones, washers, 
TU Sees er RS foe eee 28. 22 100. 00 2, 822 282, 235 

Wheel and tire assembly_____ 310. 59 100. 00 31, 059 13, 149, 034 
Accelerometers, bolts, etc___- 7. 29 99. 39 726 72, 347 
Accelerometer wires, binding 

DOStS a ee eee 1. 20 57. 83 69 5, 504 
Rebound catch and trip as- 
Semblies 225 322 22s ae a 10. 94 125. 49 1, 373 172, 416 

Summation—by first ob- 
Servers. S< 24 ieee een 736: 19) Set ee ee 60, 227 6, 023, 888 

Check—by second ob- 
SClV Gt 2-- ae ee ee AY: V3 O524 7 Cone 5 eee 60, 226 6, 023, 307 

Average values__.________ 1303 225 eee eee 60, 226 6, 023, 598 

1 This is an average value for the 4 tire and wheel assemblies, which had values 
as follows: Balloon—3,136,683; high pressure—3,136,011; cushion—3,165,487; solid— 
3,157,954. This causes a variation in the location of the center of percussion of about 
—0.2 to +0.3 inch. 

FORMULAS GIVEN FOR COMPUTING IMPACT FORCES 

From the data in this table, the physical properties of 
the completed rigid pendulum were determined by 
means of the theoretical relations that were described 
earlier in the paper, as follows: 

DW=736.22 pounds, the total pendulum 
weight, acting at the center of grav- 
ity (point A, fig. 5). 

YM)=60,226 pound-inches, the summation of 
moments of all of the pendulum 
parts about the axis of suspension 
(point O, fig. 5). 

Y1J)=6,023,598 pound-inches,? the summa- 
tion of moments of inertia of all of 
the pendulum parts about the axis 
of suspension. 
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ky =90.453 inches, the radius of gyration of 
the composite pendulum about the 
axis Of suspension. 

2M, ek ; 
= Sy 81.804 inches, the distance of the center 

of gravity from the axis of suspen- 
sion. 

yO Ss 

=" == = 100.015 inches, the distance of the 
eae center of oscillation (or percussion) 

from the axis of suspension, also the 
length of the equivalent simple 
pendulum. (The designed length of 
/ was 100.00 inches.) 

=602.26 pounds, the pendulum weight 
effective at the center of percussion 
during impact. 

g=82.155 feet per second per second, 
gravitational acceleration at the site 
of the pendulum.’ 

As previously stated the design of the pendulum is 
directly related to that of the test specimen because it 
must be capable of developing the forces required for 
the test. Mention has also been made of the fact that 
this force is dependent not only on the mass of the 
pendulum but on the acceleration or the time rate at 
which the velocity is reduced during impact, as well. 
In order to design successfully it was necessary to con- 
sider the complete interrelationship of the specimen, 
pendulum, and tire characteristics. The manner in 
which this was done will be described. 

The concrete cantilever specimens are so placed that 
when the pendulum hangs freely at rest, the tire just 
touches the face of the specimen. The falling pendulum 
will therefore attain its maximum tangential velocity 
at the instant that the tire first makes contact with the 
specimen. 

For the purpose of estimating probable acceleration 
maxima during impact, for use in the design, it was 
assumed that: (1) The combined cushioning of the tire 
and the specimen deflections will decelerate the pendu- 
lum in accordance with the laws of simple harmonic 
motion, (2) the influence of gravity on the deceleration 
of the pendulum is negligible, and (8) the center of per- 
cussion of the pendulum coincides with the center of the 
area of contact between the tire and the specimen. It is 
realized that none of these assumptions is rigorously 
true. However, each is sufficiently near the true con- 
dition to permit equating the maximum tangential 
velocity of the pendulum with the maximum linear 
velocity for simple harmonic motion to determine the 
probable maximum deceleration values for various 
tire types, angles of swing, and other conditions of 
test, with an accuracy that is sufficient for designing. 

The physical relations involved during impact are: 
d=the combined deflection of the tire and specimen 

or distance in Which the pendulum is brought 
to zero velocity. 

v=w6l, the maximum tangential velocity of the pen- 
dulum mass. 

2 

~M, 
7) bs 

A=7 the maximum deceleration of the pendulum 

mass. (The velocity of the falling pendulum 
and that for the simple harmonic motion are 
assumed to be equal at the instant of contact. ) 

Neh =24, the maximum force developed against 

7 From the Smithsonian Physical Tables, 8th edition, p. 564. 

the specimen (w being the effective weight of 
the pendulum). 

t d ; : 
in| ae the time duration of the contact between 

the tire and the face of the test specimen. 
_ As already noted in connection with table 1, the 
influence of the angle of swing, as expressed by the 

: 5’ OF its reciprocal, is negligible for small 

angles and not important for angles of moderate magni- 
tude * except in calculations where great precision is 
desired. In computing the probable values of the 
maximum accelerations the value of this term was 
assumed to be unity, permitting desirable simplifica- 
tion in a number of instances. 

term 

VIBRATION AND DEFLECTION OF SUPPORTING FRAME 

INSIGNIFICANT 

Because of the fact that during the period of tire and 
specimen deflection the pendulum mass is not moving 
exactly horizontally but in a rising arc, the effective 
force applied to the specimen is slightly less than the 
apparent force. This difference amounts to about 6 
pounds per inch of tire deflection and applies to both the 
sustained and the impact forces. 
By the method outlined, the relations between the 

angle of swing, tire and beam deflection, and maximum 
impact force, were calculated and these are shown 
graphically in figure 8. To this chart have been added 
the curves from figure 4 that show the static load de- 
flection characteristics of the tires, and the curves from 
figure 3 that show the theoretical bending stress and 
deflection characteristics of the cantilever test speci- 
mens. ‘Thus figure 8 presents a composite graph show- 
ing the general relationships that exist between the 
various factors that are involved in a test. This graph 
has proved to be quite useful in connection with actual 
testing operations as a guide for selecting the conditions 
necessary to produce certain desired results. 

As a check on the correctness of the calculated values 
for mass and center of percussion, the location of the 
center of gravity and the period of free swing were de- 
termined empirically. This was done after the pendu- 
lum was substantially completed. At the time of the 
determination the computed distance between the axis 
of suspension and the center of gravity was 81.36 inches. 
The mean value of several experimental balancings gave 
a value of 81.33 inches, a difference of less than 0.04 
percent. Subsequent slight changes in the pendulum 
changed the value to that given earlier in the paper 
(81.804 inches). 
The period of swing was determined experimentally 

by means of stop-watch measurements of the time re- 
quired for 50 cycles. The damping caused by air and 
pivot friction as reflected in the reduction in the length 
of arc for successive swings (measured horizontally) was 
observed also. The data obtained from each of these 
observations for series of swings of small amplitude are 
shown in figure 9. It is noted that the measured period 
varies with the angle of swing and that it is within 
about 0.005 second of the theoretical value. No at- 
tempt was made at a precise determination. The 
damping also varies with the angle of swing although 
within the range covered by the experiments the loss 
per cycle is quite small. 
By measuring the maximum deceleration that occurs 

at the center of mass concentration when the mass of 

8 For an angle of 10° the error caused by assuming the value of this term to be unity 
amounts to less than 4 percent. 



192 PUBL CER OAIDS Vol. 18, No. 10 
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FiaurRE 8.—ComposiTE GRAPH SHOWING INTERRELATED CHAR- 
ACTERISTICS OF TEST SPECIMENS, TIRES, AND PENDULUM. 

the pendulum is brought to rest during the deflection 
of the tire and the specimen, the maximum dynamic 
force can be calculated. For measuring the maximum 
acceleration values, accelerometers were mounted on 
the pendulum in the manner shown in figure 10. The 
accelerometers are mounted one on each side opposite 
the center of impact. The instruments are of the single- 
element, electrically indicating, contact type described 
fully in earlier publications.° 

The design and construction of the pendulum are 
such that there is essential coincidence of the center of 
percussion with the center of the area of dynamic-force 
application. It was mentioned earlier that when this 
condition obtains no force reaction is created at the 
center of suspension during impact. Since there is a 
negligible change in the forces acting at the center of 
suspension, vibration and deflection in the supporting 
frame are reduced to a minimum. 

APPARATUS FOR APPLYING SUSTAINED LOADS DESCRIBED 

Earlier in the paper mention was made of the devel- 
opment of sustained forces against the specimen by a 
pull exerted on the wheel shaft of the pendulum. The 
general appearance of the apparatus for this purpose 
can be seen at the left of the specimen in figure 6. 
Briefly, it consists of a suitably arranged hydraulic jack 
and pump for developing the force and an elastic system 
for measuring its magnitude. 

A heavily reinforced concrete platform serves as a 
base for the sustained-load apparatus and as an anchor- 
age for the test specimens. At a position in the rear 

* See Calibration of Accelerometers for Use in Motor Truck Impact Tests, by J. A. 
Buchanan and G. P. St. Clair, PuBtic Roaps, vol. 11, no. 5, July 1930; also, Impact 
Reactions Developed by a Modern Motor Bus, by J. A. Buchanan, PUBLIC ROADs, 
vol, 12, No. 2, April 1931. 
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Figure 9.—FrEE Swineinag NaturaL PERIOD AND DAMPING 
oF PENDULUM FOR VARIOUS DISPLACEMENT DISTANCES. 

of the specimen, a post consisting of an 8-inch H-section 
is erected and rigidly braced to structural steel members 
encased in the concrete base. This post supports the 
sustained load apparatus and also carries a buffer to 
take the test specimen should it fail unexpectedly. A 
hydraulic jack of 5-inch diameter is secured to the post 
in such a manner that its axis lies in the plane of the 
pendulum and at the height of the wheel shaft. The 
line of travel of the jack ram is horizontal and its 
direction of motion is away from the test specimen. 

The H-beam post supports also a pair of. heavy wing 
plates, one on either side, which carry the load-measur- 
ing equipment. Horizontal slots or openings cut in 
these plates provide level runways for a carriage that 
rolls on annular-ball-bearing wheels. A sturdy trans- 
verse reaction pin or shaft receives the thrust of the 
jack through the load-measuring device, also supported 
by the carriage. Connection between the reaction pin 
and the wheel shaft of the pendulum is effected by a 
pair of steel tie bars, one of which can be seen in figure 6. 
A series of eyes at one end of each of these bars provide 
engagement at any one of four positions for the reac- 
tion pin while at the other end of the bars quickly 
detachable latches furnish a simple means for attach- 
ment to the wheel shaft through the conical blocks that 
center the wheel hub. The connection between the tie 
bars and the reaction pin is made through adjustable 
eccentric bushings which permit exact parallelism to be 
obtained between the reaction pin and the wheel shaft 
of the pendulum. 

The load-measuring device consists of a pair of 
opposed, simply supported, vertically mounted steel 
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Figure 10.—Contactr ACCELEROMETER MOUNTED ON CHANNEL 

MEMBER DiREcTLY OprosirTE CENTER OF PERCUSSION. 

beams of heat-treated alloy steel, whose combined 
deflections, under a centrally-applied load is measured 
with a dial micrometer as an index of the load or. force. 
At each end of the inner faces of the beams there is a 
common reaction bearing in the form of a ground pin 
or roller in suitable seating blocks. At the upper end 
of the beans as they are mounted, the bearing pin is 
extended in both directions and these extended ends 
provide centers for a pair of annular ball bearings. 
These bearings roll on short horizontal tracks provided 
in the carriage which bears the reaction pin. This 
suspension permits the pair of beams to hang freely 
and vertically between the jack and the reaction pin. 
The details of the suspension are shown in figure 11. 

The head of the hydraulic jack is fitted with a bronze 
face 3.8 inches square for bearing on one of the beams. 
The reaction pin which bears on the opposed beam is 
of heat-treated alloy steel ground to a diameter of 
2 inches. Each beam is of alloy steel, heat treated 
and ground to a true rectangular prism 3.8 inches 
wide and 1.8 inches deep. The distance between 
reactions (or span) is 20 inches. 

The combined deflection of the two beams is measured 
at the midpoint with a dial micrometer which reads 
directly in ten-thousandths of an inch. One division 
on the dial of the micrometer corresponds to an apphed 
load increment of about 15 pounds, this being deter- 
mined by calibration in a testing machine. The safe 
load-carrying capacity of this particular pair of beams 
is ample for all requirements and their elastic behavior 
has been constant. 

The cantilever test specimens are securely mounted 
on the reinforced concrete platform in the position 
shown in figure 6. Horizontal sliding is prevented by 
friction on the base and by the reaction developed at 
the low transverse abutment that is an integral part 
of the platform. Moments tending to overturn the 
specimen are resisted by 10 large anchor bolts that 
pass through the base of the specimen. Seven of 
these bolts, each 1% inches in diameter, are on the 
side nearest the pendulum, while three bolts, each 
1 inch in diameter, are on the side nearest the vertical 
post. The stress in these bolts is relatively small, 
their design being such that, for the conditions assumed, 

Figure 11.—Derraits or THE SUSTAINED Loap Device. SEEN 
THROUGH THE OPENING OF THE WING PLATE FROM RIGHT TO 
Lerr ARE Ram OF THE JACK, BALL-BEARING CARRIAGE 
WHEEL, D1at MIcROMETER BETWEEN THE Pair OF BEAMS, 
AND THE END OF THE REACTION Pin. ABOVE IS THE CENTER 
OF SUSPENSION FOR THE LOAD- MEASURING BEAMS. 

their maximum elongation would not cause an increase 
in the measured deflection of the specimen of more than 
about 5 percent. In the great majority of the tests 
the effect would be considerably less than this. 

STRAINS AND DEFLECTIONS OF CONCRETE BEAMS MEASURED 

An independently supported trolley and a geared 
hoist afford means for swinging the cantilever test 
beams into position on the platform anchorage. The 
beams are lifted by a sling attached to the ends of two 
steel bars which are passed through longitudinal holes 
in the specimen base (see cover illustration). The speci- 
mens are first placed on temporary wedges and carefully 
adjusted for elevation, alinement, perpendicularity, 
and orientation. The anchor bolts are then inserted 
but not tightened. The entire space between the plat- 
form and the base of the specimen (which rests on the 
wedge supports) and the space between the specimen 
base and the rear abutment is next filled with portland 
cement mortar placed with special tools and thoroughly 
compacted. After this bedding material has set sufh- 
ciently to bear the weight of the specimen without flow- 
ing, the wedges are removed. The anchor bolts are 
tightened after the mortar under the base has set 
thoroughly. The bolt heads bear on the top of the base 
through large cast iron washers set in mortar. _ 

The elastic behavior of the test specimen is studied by 
comparing strains in the compression and tension faces 
of the cantilever and deflections under both sustained 
and suddenly applied forces of corresponding magni- 
tudes. 

The strains are measured with the recording strain 
gage developed by the Bureau and described in detail 
elsewhere.° In addition to the static calibration 
described in this reference, the behavior of the gages 

10 An Improved Recording Strain Gage, by L. W. Teller, PuBLic RoAps, vol. 14, 
No. 10, December 1933. 
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Figure 12.—Srrain GAGES ON THE COMPRESSION FACE OF THE 
Test SpecimMenN. A CoRRESPONDING PAIR ON THE OPPOSITE 
Face Mrasures TENSILE STRAINS. 

under suddenly applied strains has been investigated in 
several ways and for the rates of force development that 
are encountered in motor-vehicle impact there appears 
to be no significant difference between the behavior 
under displacements developed slowly and_ those 
developed suddenly. 

Strain gages are placed at corresponding positions 
near the bottom of the compression and tension faces 
of the cantilever beam, but sufficiently above the base 
to avoid significant modification of stress due to the 
influence of the base. Strain gages located on the com- 
pression face are shown in figure 12. 

The deflection of the specimen is usually measured 
as a horizontal displacement of a point on the compres- 
sion face opposite the center of the area of force 
application. The apparatus consists of a light stylus 
arm extending from a plug set in the concrete of the 
specimen and arranged te record the displacement 
directly on a smoked glass plate that is held in guides 
on an independent structural steel frame. This frame 
can be seen astride the concrete platform, just in back 

Figure 13.—Bram Der.ection Is RECORDED ON A SMOKE- 
CoaTep Guass PLATE BY MEANS OF A STYLUS. 

of the specimen in figure 6, and the device itself is 
shown in figure 13. 

The machine is erected in a building having a very 
heavy floor. This floor consists of a 12-inch reinforced 
concrete floor slab cast with heavy integral girders and 
supported on concrete walls at the edges and short 
columns at the third points in both directions. While 
no provision is made for maintaining a constant tem- 
perature in this laboratory, an effort is made to avoid 
widely fluctuating temperatures, particularly sudden 
changes. 

The first group of specimens fabricated contained 26 
units, the majority of which were of intermediate 
thickness. Of this group a considerable number have 
been tested and many thousands of load applications 
have been made. This experience has demonstrated 
that the testing equipment is satisfactorily producing 
the results for which it was designed. 
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DETERMINATION OF VARIATION IN UNIT 
Bio UMiemOn tiny Lb CONTACT 

AREA OF TIRES’ 
BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 

Reported by L. W. TELLER, Senior Engineer of Tests, and JAMES A. BUCHANAN, Associate Engineer of Tests 

NE of the lesser but persistently recurring ques- 
tions that arise in considering the effects of wheel 
loads on pavement surfaces is that of the variation 

in pressure intensity over the area of contact between 
the tire and the pavement. 

In the early attempts at stress analysis in pavement 
slabs it was assumed that the load was applied either 
at a point or along a line whose length equaled the width 
of the tire. Later, as pneumatic tires came into more 
widespread use, it was recognized that these assumptions 
were far from true. When Westergaard presented his 
theory of stresses in pavement slabs before the Highway 
Research Board in 1925,! he used the assumption that 
wheel loads are applied to pavement slabs through a 
circular area of contact over which the unit pressure 
is uniform. 

This assumption had the advantage of simplicity; 
and, for purpose of analysis, it seemed to be not un- 
reasonable, particularly as applied to pneumatic tires. 
It was known, of course, that the contact area was not 
actually circular, nor could the unit pressure over it 
be strictly uniform because of inherent characteristics 
in the form and construction of the tire. However, 
at that time there was little or no information that 
could be used as a basis for a better assumption. The 
shapes of the areas of contact have since become more 
generally known, but the manner in which unit pressure 
varies over such areas has remained relatively unknown.’ 

The reason for this scantiness of available data 
probably lies in the lack of a simple and satisfactory 
means for making reliable determinations. 

In an effort to obtain additional information on this 
subject, the Bureau of Public Roads has recently 
developed the following method for determining these 
unit pressures—a method which requires but little 
addition to readily available equipment and which 
appears to give reasonably good results. 

TEST EQUIPMENT AND PROCEDURE DESCRIBED 

The tire is mounted in a universal testing machine 
in the manner usually employed in load-deflection 
tests. A smoothly ground steel plate of adequate size 
is placed to receive the reaction. Between the tire 
and the reaction plate is placed a %.-inch square bar 
of polished brass, arranged longitudinally along the 

« Paper presented at the Seventeenth Annual Meeting of the Highway Research 
Board, Washington, D. C., 1937. 

1 Computation of Stresses in Concrete Roads, by H. M. Westergaard. Proceed- 
ings, Fifth Annual Meeting, Highway Research Board, 1925. 

2 Glimpses of Balloon Tire Progress, by B. J. Lemon. Journal of the Society of 
Automotive Engineers, February 1925. 
Distribution of Wheel Loads Through Various Rubber Tires, by Samuel Eckels. 

Proceedings, Eighth Annual Meeting, Highway Research Board, 1928. 
Tests to Determine the Behavior of Tires on a Smooth Surface (Onderzoekingen 

Omtrent het Gedrag van Autobanden op een Effen Weg) Engineering Thesis, Tech- 
nische Hoogeschool, Delft, by Hendrik Misset, January 20, 1932. (Particularly 
chapter 3—The distribution of pressure in the contact area between the tire and the 
road.) ; 
Ground Contact Area of Tires Varies Directly with Deflection, by P. M. Heldt, 

Automotive Industries, July 23, 1932. 
Semi-Pneumatic Tires and Specific Pressures (Semipneumatici e Pressioni Spe- 

cifiche) by Raffaele Ariano. Le Strada (Italian), November 1933. 

Fieure 1.—Tire Mountep In A UNIVERSAL Testing MAcHINE 
EquiePED TO Make Unit Pressure DETERMINATIONS. 

area of contact. On either side of this bar are set 
steel filler plates of the same thickness as the bar and 
of sufficient size so that the bar and plates cover the 
entire area of contact. A windlass and spring dyna- 
mometer provide a means for applying and measuring 
the force required to overcome initial friction in sliding 
the bar longitudinally while load is applied te the tire. 
No lubricant is used, but a sheet of steel shim stock 
0.0018 inch thick is placed between the tire and the 
friction bar to provide a uniform contact surface for 
sliding. The manner in which the equipment is set 
up in the testing machine is shown in figure 1 and the 
details of the friction bar, filler plates, and shim stock 
cover, are shown in figure 2. 

In making the test the procedure is to place the 
friction bar successively in parallel positions %> mch 
apart until the entire area of contact has been covered. 
In each position the force required to move the bar 
longitudinally in each direction is measured and the 
two determinations are averaged. The test load is 

195 
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Fiaurre 2.—DeETAILS oF THE APPARATUS. THE FRICTION BAR 
Lits BETWEEN FILLER PLATES OF EQuat THICKNESS AND IS 
ATTACHED TO THE SPRING DYNAMOMETER. THE FRICTION 
SURFACES, WHEN THE TirB IS UNDpR Loap, ArE BETWEEN 
THE BoTTOM OF THE FRICTION BAR AND THE LOWER PLATE 
OF GROUND STEEL, AND BETWEEN THE TOP OF THE FRICTION 
BAR AND THE STEEL SHIM PLACED UNDER THE TIRE. 

assumed to be distributed to the respective elemental 
strips or sections thus obtained, in proportion to the 
ratio of the average frictional force for each section to 
the summation of the average frictional forces for all 
sections. In effect, this amounts to a first differenti- 
ation of the test load and is diagrammatically repre- 
sented in figure 8, A. 

To obtain the distribution along each of the longi- 
tudinal sections % inch wide, the differences between 
the frictional resistances for successive increments of 
contact length on the sliding bar are determined, the 
remaining portion of the longitudinal strip being filled 
with a separate and stationary square bar. A con- 
venient length increment is 1 inch and, as in the first 
differentiation, the average frictional resistance for 
both directions of movement is obtained. 

The total load on each elemental strip is apportioned 
along its length according to the force differences for 
its respective subsections. By the double differen- 
tiation thus accomplished, the total load over the 
entire contact area is broken down into a great many 
small loads on elemental areas each % inch wide and 
1 inch long, except in the boundary areas where irregular 
shapes are unavoidable. These elemental areas are 
shown in figure 3, B. 

Assuming the unit pressure at the center of gravity 
of each of the elemental areas to be the average inten- 
sity of pressure over that area, the unit values are 
computed and plotted in their respective positions on 
an outline of the actual gross contact area for the 
load being used in the test. The construction of the 
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Figure 3.—D1aGraM SHOWING HOW ContTAcT AREAS WERE 
Divivep (A) Intro Sections %¢ INcH Wipzn, AND (B) INTO 
AREAS %_ InNcH By 1 INCH, FOR THE FIRST AND SECOND 
DIFFERENTIATIONS OF THE TEST LOAD, RESPECTIVELY. 

Figure 4.—TueE Souip anp Batitoon Tires Usep In MAKING 
Unit PRESSURE DETERMINATIONS. 

lines or contours of equal unit pressure within this area 
is then a simple process. 

Two tires have been tested by this method—one a 
36- by 6-inch solid truck tire, the other a 36- by 8-inch 
airplane pneumatic tire. Each was tested under a 
4,000-pound load, corresponding approximately to the 
normal rated capacity. These two tires were selected 
for the initial tests for two reasons. First, they both 
had smooth treads, thus eliminating any question as to 
the effect of tread design and giving more basic data 
on the distribution of unit pressure. Second, they 
represent about as wide a range in cushioning quality 
as will be commonly found in tires of their capacity on 
the highway today. 
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The solid tire had become hardened somewhat with 
age, although it had been but slightly used. The 
pneumatic tire was mounted on a 36- by 8-inch truck 
tire rim and inflated to 60 pounds per square inch. 
They are shown in figure 4. 

MAXIMUM INTENSITY OF PRESSURE UNDER SOLID TIRE THREE 

TIMES THAT UNDER PNEUMATIC TIRE 

The unit pressure distributions over the contact 
areas of the two tires, obtained in the manner described, 
are shown in figures 5 and 6. 

The intensity distribution data for the pneumatic 
tire show that over a considerable portion of the con- 
tact area the intensity of pressure is essentially uniform 
and not greatly different from the inflation pressure of 
the tire. For the solid tire, the zone of approximately 
constant unit pressure covers a much smaller percentage 
of the total area and the intensity within the zone is 
much higher than for the pneumatic tire. These 
relations are as might be expected from a consideration 
of the nature of the cushioning media involved. 

However, when consideration is given to the extreme 
difference in type represented by these two tires, the 
similarity between their unit pressure patterns is 
rather remarkable. The variations in unit pressure 
have the same general characteristics and the maximum 
values occur in two transversely symmetrical areas 
rather than at the geometric centers of the contact 
areas. The solid volumes defined by the contours of 
figures 5 and 6 represent the total loads supported by 

TIRE SIZE 36 BY 6 INCHES 
APPLIED LOAD_--~— 4,000 POUNDS 
INTEGRATED LOAD___ 3,992 POUNDS 

Fiaure 5.—Uwnit Pressure DISTRIBUTION OVER THE AREA 
or Contract FoR A REGULAR SOLID TirE. Ficgures SHOW 
PRESSURE IN POUNDS PER SQUARE INCH. 

the tires. As a check on the work, these volumes were 
computed and converted into equivalent load. The 
results of these integrations are indicated on the figures. 

The dimensions of the two contact areas and corre- 
sponding unit pressure values are given in table 1. In 
addition to the maximum measured intensities, values 
are also given for the corresponding uniformly loaded 
circular areas previously mentioned and for assumed 
ellipsoidal distributions in which the intensities of 

TIRE SIZE 36 BY 8 INCHES 
INFLATION PRESSURE --60 POUNDS PER SQUARE INCH 

APPLIED LOAD — 222 4,000 POUNDS 

. INTEGRATED LOAD___-3,914 POUNDS 

Ficure 6.—Unit PressurEe DIsTRipvuTION OVER THE AREA OF 
Contact ror A Low-PRESSURE PNEUMATIC TIRE. F1GURES 
SuHow PRESSURE IN POUNDS PER SQUARE INCH. 
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FicurE 7.—CoOMPARISON OF 
BUTION WitrH THAT FOR 
ARBA. 

pressure are nae to vary as the ordinates to semi- 
ellipsoidal surfaces placed over the areas of contact. 

TABLE 1.—Contact dimensions and pressure intensities for a load 
of 4,000 pounds on two types of tire equipment 

q é 
Smooth- | Smooth- 

| _tread eae <417 ‘ro 1 , abu solid tire tire 2 

Oontactiarea 22. seeee se re ae eee nue : 27. ¢ 64. 7 
5 OntAGt Tenet Ae ee ee ee eee oe oe 8 13.3 
GOmTRCLSwid thicet = occa ceo oe ee ee en 5.8 
Diameter of equivalent circular area 9.05 
Diameters of equivalent elliptical area SEN eek 4, 12. 76—6. 88 
Average unit pressure over contact area________lb./sq. in_ 146 62 
Maximum measured unit pressure___-.._.__-_------ dase 226 74 
Maximum unit pressure for ellipsoidal distribution.-do____ 220 98 

1 36 by 6 inches. 
236 by 8 inches, inflated to 60 pounds per square inch. 

In figures 7 and 8 the actual transverse and longi- 
tudinal iserion ene) are compared with those obtained 
by the uniformly loaded circular area method and by 
the suggested ellipsoidal distribution method. For 
the circular distribution, the area of the circle is equal 
to the actual area of contact; and the intensity, being 
the average pressure, does not vary. For the ellip- 
soidal distribution the area of the ellipse is equal to 
the actual area of contact; the diameters of the ellipse 
are in the ratio of 2:1; and the intensity varies over 
the area of contact in the manner described above. 
While it is obvious that neither of these conventional- 
ized representations is an exact definition of actual 
conditions, it is evident from a comparison of figures 7 

Ll = Jey Li 2 ee ee _\) 

LONGITUDINAL DISTRIBUTION- SOLID TIRE LONGITUDINAL DIS STRIBUTION- BALLOON TIRE 

FraurE 8.—CompariIson or ActuaL Unit PrEessurRE DIsSTRI- 
BUTION witH HLLIPsSoIDAL PRESSURE DISTRIBUTION. 

and 8 that the ellipsoidal distribution conforms much 
more closely to the actual than does the uniformly 
loaded circular area. This is also evident in the actual 
contour patterns of figures 5 and 6 and in the numerical 
data of table 1. 

The 2:1 ratio between the diameters of the ellipse is 
a simplification which was selected after a review of 
tire impressions obtained in nearly 400 tests of tires, 
tests that involved a wide variety of types, sizes, loads, 
and degrees of cushioning. This study showed an 
average ratio of contact length to contact width of 
approximately 2:1. 

The assumption that a vehicle tire transmits its load 
to the pavement through a uniformly loaded circular 
area is a generalization that may be of sufficient accu- 
racy for most analytical purposes. The ellipsoidal dis- 
tribution, however, is also capable of mathematical 
expression and, from the data obtained in these tests, 
appears to express more accurately the true condition. 
Whether or not differences in the manner of pressure 
distribution over the area of contact would lead to sig- 
nificant differences in pavement stress is a matter which 
may be studied either analytically or by physical tests. 
If such a study should reveal that variation in intensity 
of pressure is a matter of sufficient importance to be 
considered, then the ellipsoidal representation suggested 
by these tests offers a conveniently expressed generali- 
zation that reasonably approaches actual conditions of 
unit pressure distribution. 

3 For solid tires the average ratio was 1.59; for cushion tires, 1.95; for high-pressure 
pneumatic tires, 2.22; and for balloon tires, 2.12. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 

Any of the following publications may be purchased from 

the Superintendent of Documents, Government Printing Office, 

Washington, D. C. As his office is not connected with the 

Department and as the Department does not sell publications, 

please send no remittance to the United States Department of 

Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

DEPARTMENT BULLETINS 

No. 1279D..Rural Highway Mileage, Income, and Expendi- 

tures, 1921 and 1922. 15 cents. 

No. 1486D. .Highway Bridge Location. 

TECHNICAL BULLETINS 

No. 55T...Highway Bridge Surveys. 

No. 265T...Electrical Equipment on 
35 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP..The Results of Physical Tests of Road-Building 

15 cents. 

20 cents. 

Movable Bridges. 

Rock. 25 cents. 

No. 19IMP.Roadside Improvement. 10 cents. 

No. 272MP.Construction of Private Driveways. 10 cents. 

No. 279MP. Bibliography on Highway Lighting. 5 cents. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

Guides to Traffic Safety. 

Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 

10 cents. 

An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Single copies of the following publications may be obtained 

from the Bureau of Public Roads upon request. They cannot 

be purchased from the Superintendent of Documents. 

SEPARATE REPRINT FROM THE YEARBOOK 

No. 1036Y..Road Work on Farm Outlets Needs Skill and 

Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 

System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 

of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 

Area of Cleveland, Ohio (1928). 

Report of a Survey of Transportation on the State Highways 

of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

UNIFORM VEHICLE CODE 

Act I.—Uniform Motor Vehicle Administration, Registration, 
Certificate of Title, and Antitheft Act. 

Act IJ.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 

License Act. 

Act I1J].—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 

Act V.—Uniform Act Regulating Traffic on Highways. 

Model Traffic Ordinances. 

A complete list of the publications of the Bureau of Public 

Roads, classified according to subject and including the more 

important articles in Pusric Roaps, may be obtained upon 

request addressed to the U. S. Bureau of Public Roads, Willard 

Building, Washington, D. C. 
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